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The Peptide Ligands Mediating Positive Selection
in the Thymus Control T Cell Survival
and Homeostatic Proliferation in the Periphery
I±reactive CD81 cells (Tanchot et al., 1997a). Thus, adop-
tive transfer experiments with CD81 cells from MHC
class I (H2-Db)-reactive HY TCR transgenic mice showed
that CD81 cells survived well in H2-Db1 hosts but disap-
peared rapidly in H2-Db2 mice.
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The above findings imply that survival of mature naive
CD41 and CD81 T cells requires continuous, albeit co-
vert, signaling through the TCR. In support of this idea,Summary
T cells deficient in a Kruppel-like zinc finger transcription
factor designated lung Kruppel-like factor (LKLF) werePositive selection to self-MHC/peptide complexes has
found to have a very short life span (Kuo et al., 1997).long been viewed as a device for skewing the T cell
Interestingly, LKLF2 embryonic stem cells led to normalrepertoire toward recognition of foreign peptides pre-
T cell development in the thymus but to the appearancesented by self-MHC molecules. Here, we provide evi-
of only a few mature T cells in the periphery, becausedence for an alternative possibility, namely, that the
the T cells underwent spontaneous activation and diedself-peptides controlling positive selection in the thy-
rapidly from Fas-mediated apoptosis. LKLF thus ap-mus serve to maintain the longevity of mature T cells
pears to be involved in translating the low-level TCRin the periphery. Surprisingly, when total T cell num-
signaling received from contact with self-MHC mole-bers are reduced, these self-ligands become overtly
cules into signals for mature T cells to persist in thestimulatory and cause naive T cells to proliferate and
quiescent state.undergo homeostatic expansion.
Although T cells have a prolonged life-span at a popu-
lation level, the total size of the T cell pool is highlyIntroduction
regulated (Freitas and Rocha, 1993; Bell and Sparshott,
1997; Mackall et al., 1997). Thus, T cell expansion afterThrough a combined process of positive and negative
selection, the postthymic repertoire of mature T cells is a potent immune response is followed by a period
whereby the bulk of the newly generated effector cellsreactive to MHC-associated foreign peptides but toler-
ant of self-peptides. T cell outputs from the thymus die off (Webb et al., 1990; Van Parijs and Abbas, 1998).
Likewise, reducing the T cell pool size causes both CD41decline after puberty, and long-term maintenance of the
naive T cell pool is considered to be a reflection of and CD81 cells to undergo ªhomeostaticº expansion.
This is apparent from the finding that transfer of smallthe longevity of naive resting T cells (von Boehmer and
Hafen, 1993; Tough and Sprent, 1994). This view is sup- doses of T cells into syngeneic T cell±deficient nude,
SCID, or RAG22 mice leads to massive proliferation ofported by the finding that thymectomized young adult
mice possess significant numbers of naive T cells well the injected T cells (Bell et al., 1987; Rocha et al., 1989).
The factors regulating homeostatic expansion of T cellsinto advanced age and that large numbers of T cells
transferred into SCID mice survive indefinitely, with many are currently unknown. The prevailing view is that this
type of expansion is driven mostly by foreign antigenscells maintaining a naive phenotype (Sprent, 1993).
In normal individuals, turnover (proliferation) of T cells and is intensified by increased availability of ªspace,º
plus contact with cytokines or infectious agents (Bellis slow for typical naive cells but rapid for memory cells,
i.e., the progeny of T cells responding to foreign antigens and Sparshott, 1997; Mackall et al., 1997; Tanchot et
al., 1997b). Here, the underlying assumption is that be-(Tough and Sprent, 1994). Recirculating naive T cells
have long been thought to be maintained in a quiescent cause of self-tolerance induction, the stimulus for T cell
proliferation is provided only by foreign and not by self-state without stimulation through the TCR. However,
this view has recently been challenged by several re- antigens: low-level TCR contact with self-antigens pro-
motes T cell survival but is insufficient to induce prolifer-ports which suggest that prolonged survival of naive
resting T cells requires continuous contact with self- ation. However, the unexpected finding reported here
is that reducing the total size of the T cell pool causesMHC molecules. Initially, thymus-grafting studies by
Takeda et al. (1996) showed that long-term survival of naive T cells to become overtly reactive to self-ligands,
as manifested by entry into cell cyle and upregulationmature CD41 cells required contact with self-MHC class
II molecules. Similarly, studies in which MHC class II of activation markers. Significantly, this response to self
appears to be directed to the particular self-ligands thatmolecules were expressed selectively in the thymus
showed that lack of postthymic contact with MHC class led to initial positive selection in the thymus.
II molecules induced CD41 cells to disappear after sev-
eral weeks (Rooke et al., 1997). These and later studies Results
(Brocker, 1997) provide strong evidence that CD41 cells
have a short life span in the absence of MHC class II T Cell Proliferation in T-Depleted Hosts
molecules. Comparable findings apply to MHC class To seek direct evidence on the factors controlling the
rate of T cell turnover, mature lymph node (LN) cells
were labeled in vitro with the intracellular fluorescent* To whom correspondence should be addressed (e-mail: csurh@
scripps.edu). dye 5,6-carboxyfluorescein diacetate succinimyl ester
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Figure 1. Expansion of Donor T Cells upon Transfer into T-Depleted Syngeneic Hosts
(A) Small doses (2 3 106/mouse) of whole B6.PL (Thy1.11) LN cells labeled with CFSE (Experimental Procedures) were i.v. injected into the
indicated hosts (all Thy1.12 B6); 8 days later, LN cells from the injected mice were double stained for Thy1.1 and CD4. CFSE levels on gated
donor CD41 and CD81 cells are shown. To facilitate detection, the unirradiated hosts in group I received a higher dose of LN cells (2 3 107).
Mice were irradiated 2 days prior to donor cell injection. For depletion of Thy1.21 cells, adult thymectomized mice were injected with anti-
Thy1.2 mAb (50 ml of ascites fluid/day) for 3 days starting 1 week prior to the donor cell injection. The recoveries of total numbers of donor
cells in pooled LN and spleen relative to the numbers initially injected are shown in the lower graph. The data are means of 2±3 hosts analyzed
individually and are representative of two separate experiments.
(B) Small doses (2 3 106) of CFSE-labeled whole B6.PL LN cells were injected into irradiated (600 cGy) B6 mice either alone or together with
the indicated numbers of B6 whole LN cells or purified T cells subsets. Mice were analyzed 8 days later for donor T cells as described in (A).
Similar results were obtained in two other experiments.
(CFSE) (Lyons and Parish, 1994) and then adoptively mice rendered T deficient by thymectomy and repeated
injections of opsonizing anti-Thy1.2-specific mAb (Led-transferred into T cell (T)-deficient syngeneic hosts. As
measured by flow cytometry, each division of CFSE- better and Herzenberg, 1979) (Figure 1A, group III). Fur-
thermore, irradiation of anti-Thy1.2 mAb±treated, T-defi-labeled cells causes a 2-fold reduction in mean fluores-
cence intensity (MFI) in the daughter cells, with the result cient mice only slightly augmented cell division (Figure
1A, group IV). In addition, confirming previous reports,that extensive cell proliferation results in a progressive
step-wise reduction in MFI. donor T cells proliferated extensively in nonirradiated
B6.TCRa2 and RAG12 hosts (Figure 1A, group V; dataWhen small numbers of LN cells from young B6.PL
(Thy1.11) mice were labeled with CFSE and transferred not shown), i.e., mice selectively depleted of TCR ab T
cells by genetic manipulation (Mombaerts et al., 1992).to normal young Thy1-congenic B6 (Thy1.21) hosts for
8 days, fluorescence-activated cell sorter (FACS) analy- In the above situations, the percent recovery of total
numbers of donor CD41 and CD81 cells in spleen andsis of donor (Thy1.11) T cells showed little or no evidence
of cell division in either LN (Figure 1) or spleen (data not LN was substantially higher in T-depleted hosts than
in normal hosts (Figure 1A, bottom) and tended to beshown). Thus, both for CD41 and CD81 cells, CFSE
staining was uniformly high and consisted of only a inversely related to the numbers of residual host T cells
(data not shown). Based on these findings, supple-single peak (Figure 1A, group I); this closely resembled
the staining pattern prior to injection (data not shown). menting T-depleted hosts with large numbers of T cells
would be expected to prevent proliferation of CFSE-By contrast, in B6 hosts made T deficient by exposure
to a dose of 600 cGy whole body irradiation 2 days labeled T cells. This was indeed the case. Thus, the
proliferation of CFSE-labeled B6.PL T cells (2 3 106before, the donor T cells underwent one or more rounds
of cell division, as indicated by multiple peaks of CFSE LN) in irradiated hosts was almost completely abolished
when these cells were coinjected with large numbers ofstaining (Figure 1A, group II). Donor T cell proliferation in
these hosts did not appear to be an irradiation-induced unlabeled B6 cells (8 3 107 LN) (Figure 1B). Suppression
of homeostatic proliferation was dependent on T cells,artifact, because similar cell division was observed in B6
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as coinjection of purified B cells was ineffective (data
not shown). As with injection of unseparated LN T cells,
bulk populations of purified CD81 cells strongly inhibited
proliferation of both CD41 and CD81 cells (Figure 1B).
Interestingly, however, bulk populations of CD41 cells
strongly inhibited proliferation of CD41 cells but only
partially inhibited proliferation of CD81 cells (Figure 1B).
Homeostatic Proliferation Applies to Naive T Cells
Since the donor T cells used in the above experiments
were obtained from young animals and consisted largely
of naive-phenotype cells, it seemed unlikely that prolifer-
ation in T-depleted hosts was restricted to activated or
memory-phenotype cells. To exclude this possibility,
we used donor T cells depleted of memory-phenotype
(CD44hi) cells by flow cytometer sorting; these CD442
cells (99.97%) were also CD45RBhi, CD62L1, CD252,
and CD692 (data not shown). The sorted CD442 B6.PL
(Thy1.11) CD41 and CD81 cells were coinjected with
control B6.Ly5.1 (Ly5.11) T cells (sorted for CD41 or
CD81 cells but not for CD44 expression) into irradiated
B6 (Thy1.21, Ly5.21) hosts, and the two types of donor
cells were detected by their Thy1.1 and Ly5.1 markers.
As shown in Figure 2, analysis of the hosts 9 days later
revealed substantial proliferation of the donor CD442
CD41 and CD81 cells: proliferation of these highly puri- Figure 2. Capacity of Naive T Cells to Proliferate in T-Deficient Syn-
fied naive-phenotype T cells was almost as marked as geneic Hosts
with unseparated T cells. A mixture of FACS-sorted CD41 and CD81 B6.Ly5.1 LN cells and
With regard to phenotypic changes on the proliferat- FACS-sorted CD442 CD41 and CD442 CD81 B6.PL (Thy1.1) LN cells
were CFSE-labeled and transferred into irradiated (600 cGy) B6ing T cells, preliminary experiments showed that, for
hosts; 9 days later host LN cells were triple stained for Thy1.1, Lyobscure reasons, labeling cells with CFSE prevented
5.1, and CD4. To detect CD44 expression after transfer, unlabeledupregulation of CD44. Therefore, to examine whether
aliquots of the cell mixture were injected into separate groups of
the proliferating cells upregulated CD44 expression, ali- irradiated (600 cGy) B6 hosts and analyzed at day 9 by staining
quots of purified nonCFSE-labeled T cells were trans- host LN cells for Thy1.1, Ly5.1, CD4, and CD44. CFSE and CD44
ferred to a separate batch of age-matched irradiated intensities are shown on gated Thy1.11 versus Ly5.11 CD41 and
CD81 donor cells. As controls, nonirradiated B6 mice were injectedmice. The notable finding was that even with injection
with CFSE-labeled or unlabeled sorted whole B6.Ly5.1 CD41 andof purified naive CD442 cells, a considerable proportion
CD81 LN cells and analyzed 9 days later; data on gated CD41 andof the donor CD41 and CD81 cells recovered on day 9
CD81 donor cells are shown. One other experiment showed similar
after transfer to irradiated hosts displayed the typical results.
CD44hi phenotype of activated/memory T cells (Figure
2). Donor cells injected into control unirradiated hosts,
by contrast, did not proliferate and showed little change hosts. Confirming prior findings of others (Rocha and
in their CD44 phenotype (Figure 2, bottom). von Boehmer, 1991), TCR clonotype1 (T3.701) HY CD81
cells did not proliferate in irradiated B6.PL female (HY2)
hosts despite marked expansion of contaminating non-Homeostatic Proliferation of TCR Transgenic Cells
Proliferation of naive T cells in syngeneic irradiated transgenic T3.702 cells; similarly, minimal proliferation
occurred when CD41 cells from the OT-II transgenichosts also applied to T cells from three T cell receptor
(TCR) transgenic lines, i.e., to CD81 cells from 2C (Sha mice (Barnden et al., 1998) were transferred to either
normal or irradiated syngeneic mice (Figure 3). The totalet al., 1988), CD81 cells from P14 (Pircher et al., 1989),
and CD41 cells from TCRa2.DO11.10 (DO11) (Murphy numbers of donor cells recovered were comparable to
nontransgenic T cells, i.e., 10%±15% for nonproliferat-et al., 1990) mice (Figure 3). The donor 2C and P14
transgenic T cells were sorted for a CD442 phenotype, ing HY and OT-II cells and 20%±40% for proliferated
2C, P14, and DO11 cells (data not shown).and almost all of the donor DO11 and OT-II transgenic
T cells had a naive CD442/lo phenotype (data not shown).
Although a considerable proportion of the transgenic T Requirement for MHC Class II Molecules for CD41
Cell Proliferationcells proliferated in irradiated hosts, virtually no prolifer-
ation occurred in unirradiated hosts (Figure 3). The result As indicated by total cell recoveries, it was mentioned
earlier that protracted survival of mature CD81 and CD41with P14 transgenic T cells is consistent with a recent
report showing that P14 cells proliferate in irradiated cells requires continuous contact with MHC class I and
II molecules, respectively (Takeda et al., 1996; Brocker,syngeneic hosts and spontaneously acquire effector
function (Oehen and Brduscha-Riem, 1999). 1997; Kirberg et al., 1997; Rooke et al., 1997; Tanchot
et al., 1997a). To examine whether this requirement ex-Of a total of five TCR transgenic lines tested, T cells
from two lines failed to proliferate in syngeneic irradiated tends to T cell proliferation, purified B6.PL CD41 and
Immunity
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shown), perhaps reflecting that MHC class I expression
in these mice is reduced but not absent (Zijlstra et al.,
1990).
Requirement for Specific Peptides for CD41
Cell Proliferation
To examine the influence of MHC-bound peptides on T
cell proliferation and survival, we utilized H2-M2 mice
(H2b, backcrossed six times to B6); in these mice, virtu-
ally all of the MHC class II molecules are loaded with
only a single species of peptides, class II±associated
invariant chain peptide (CLIP), which is derived from the
MHC class II invariant chain (Fung-Leung et al., 1996;
Martin et al., 1996; Miyazaki et al., 1996). For these stud-
ies, small numbers of purified allotype-marked CD41
cells (from B6.Ly5.1 mice) were CFSE labeled and trans-
ferred to normal H2-M2 mice versus H2-M1 littermates
(both Ly5.2); these hosts were conditioned with light
irradiation (600 cGy). To examine CD44 expression after
transfer, some of the cells were injected without prior
CFSE labeling.
With irradiated H2-M2 hosts, the key finding was that,
in marked contrast to CD81 cells (which proliferated
extensively [data not shown]), proliferation of CFSE-
labeled normal B6 CD41 cells was almost undetectable
(Figure 5). Thus, at day 8 post transfer, the donor CD41
Figure 3. Capacity of Transgenic T Cells to Proliferate in Irradiated
cells remained CFSEhi (Figure 5A, left) and total cell recov-Syngeneic Hosts
eries (Figure 5A, graph on right) remained unchanged.Small doses (1±2 3 106/mouse) of CFSE-labeled TCR transgenic
Moreover, with transfer of unlabeled CD41 cells, nearlyCD41 or CD81 cells were transferred into nonirradiated versus irradi-
all of the cells on day 8 retained the naive CD442/loated (600 cGy) syngeneic hosts and analyzed 7±14 days later. Donor
2C and P14 CD81 cells from a B6 background were sorted for CD442 phenotype of the initially injected cells (Figure 5A, mid-
1B2hi and CD442 Va2hi cells, respectively, and injected into B6.PL dle). By contrast, transferring B6 CD41 cells to control
hosts. Donor DO11 CD41 cells from a BALB/c.TCRa2 background irradiated H2-M1 mice induced substantial proliferation,
were transferred into BALB/c hosts, and OT-II CD41 cells and anti-
differentiation into CD44hi cells, and increased cell yieldsHY CD81 cells from a B6 and B10 background, respectively, were
(Figure 5A).transferred into B6.PL hosts. To detect donor cells in host LN, TCR
clonotype1 (1B21) 2C cells were detected by staining for 1B2, CD8,
and Thy1.2; P14 cells were detected by staining for Va2, Vb8, and Homeostatic Proliferation Is Driven by Positively
Thy1.2; TCR clonotype1 (KJ1-261) DO11 donor cells were detected Selecting Self-Peptides
by staining for KJ1-26 and CD4 expression; OT-II cells were de- In the above situation, normal B6 CD41 cells, i.e., cellstected by staining for Va2, Vb5, and Thy1.2; and anti-HY cells were
that have undergone positive selection in the thymus todetected by staining for T3.70, CD8, and Thy1.2. The data show
multiple self-peptides, were unable to proliferate whenCFSE levels on gated donor cells 7 days post transfer for 2C, P14,
and anti-HY, and 14 days post transfer for DO11 and OT-II. Findings transferred to hosts expressing only a single MHC class
are representative of at least two experiments. II±associated peptide, i.e., CLIP. One reason for this
finding is that homeostatic proliferation requires recog-
nition of peptides originally encountered during positive
selection in the thymus. To test this idea, small numbersCD81 cells were CFSE labeled and transferred to normal
B6 hosts versus hosts that lacked MHC class II (H2-A) of purified H2-M2 CD41 cells were transferred to irradi-
ated H2-M2 mice. For detection of donor cells, we usedmolecules (Figure 4). Confirming the results in Figure 1,
proliferation of both CD41 and CD81 cells at day 7 post as hosts H2-M2 mice backcrossed to express Thy1.1;
in addition, small numbers of highly purified normal B6transfer was minimal in unirradiated B6 hosts (group I)
but extensive in irradiated B6 hosts (group III); as indi- (B6 Ly5.1) CD41 cells were coinjected as a control. Some
hosts were injected with unlabeled cells for CD44cated by the ratio of Thy1.11 CD41:Thy1.11 CD42 cells
(FACS plots on right of Figure 4), donor CD41 and CD81 analysis.
As discussed elsewhere (Fung-Leung et al., 1996;cells proliferated at a similar rate. As in normal B6 mice,
CD41 and CD81 cells failed to proliferate in nonirradi- Martin et al., 1996; Miyazaki et al., 1996), H2-M2 mice
generate significant numbers of CD41 cells (30% of nor-ated MHC class II2 B6.H2-A2 hosts (group II). In irradi-
ated B6.H2-A2 hosts, by contrast, proliferation was mal), presumably reflecting positive selection to high
concentrations of CLIP. Hence, with transfer of a mixturemarked for CD81 cells but minimal for CD41 cells (group
IV). These findings were also reflected in total recoveries of normal B6 and H2-M2 CD41 cells to H2-M2 mice,
only the H2-M2 CD41 cells would contact the ligandsof T cells (Figure 4, bottom). Hence, both proliferation
and survival of mature CD41 cells required contact with controlling positive selection. In this respect, the notable
finding was that proliferation of the injected cells inMHC class II molecules. Contrary to expectation, signifi-
cant (though reduced) proliferation of CD81 cells oc- H2-M2 hosts was substantially greater for H2-M2 CD41
cells than for H2-M1 (B6) CD41 cells (Figure 5B, bottomcurred in irradiated B6.b2-microglobulin2 mice (data not
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Figure 4. B6 T Cell Proliferation in Irradiated
B6 versus B6.H2-A2 Hosts
Small doses (2 3 106/mouse) of CFSE-labeled
purified B6.PL CD41 and CD81 cells were i.v.
injected into the indicated hosts; 7 days later,
the host LN cells were double stained for
Thy1.1 and CD4. To facilitate detection, unir-
radiated hosts received a larger dose of 1 3
107 donor T cells. The donor cells consisted
of 61% CD41 cells and 39% CD81 cells. The
B6.H2-A2 hosts used were backcrossed 5±6
times to B6. At the top, CFSE levels on gated
donor CD41 and CD81 cells are shown. The
data on the far right show the ratio of donor
CD41 cells (Thy1.11 CD41) to donor CD81
(Thy1.11 CD42) cells recovered from host LN
as calculated from the adjacent dot plots. The
percent of recoveries of the donor cells (cal-
culated as in Figure 1) is shown in the lower
graph; the data are means of 2±3 hosts ana-
lyzed individually and are representative of
two separate experiments.
panels); similarly, upregulation to a CD44hi phenotype and are totally unresponsive to H2-M2 antigen-present-
ing cells (APC) (without specific peptide). In an H2-M2after transfer was prominent for H2-M2 CD41 cells but
minimal for B6 CD41 cells (Figure 5B, top versus middle environment, DO11 CD41 cells thus appear to undergo
efficient positive selection to CLIP in the thymus butpanels). The expansion of H2-M2 CD41 cells but not B6
CD41 cells in irradiated H2-M2 hosts was reflected in display self-tolerance to CLIP in the periphery. As shown
in Figure 6B, transferring H2-M2 DO11 CD41 cells tothe change in the relative ratio of these cells and in total
cell recoveries (Figure 5B, right). Significantly, the total T-depleted (irradiated) H2-M2 hosts caused these cells
to proliferate, upregulate CD44 expression, and undergoB6 CD41 cell recoveries did not decrease with time but
remained stable or increased slightly, presumably due progressive expansion. Thus, as with normal H2-M2
CD41 cells (Figure 5B), postthymic contact with CLIP,to expansion of a small proportion of the injected cells
(Figure 5B, left). It is possible that this small population the ligand inducing positive selection, caused the in-
jected H2-M2.DO11 CD41 T cells to proliferate and un-of expandable cells is positively selected to CLIP, which
is expressed at low levels in normal mice. In support of dergo long-term survival.
Unlike DO11 cells, TCR clonotypic1 (Va21 Vb51) OT-IIthis idea, this minor degree of proliferation was not seen
within 2 weeks when irradiated H2-M2 mice were in- CD41 cells undergo positive selection only in a B6 (H2b)
and not in a B6.H2-M2 background (Figure 6A), indicat-jected with CD41 cells from invariant chain±deficient
mice (data not shown), i.e., mice that lack CLIP (Bikoff ing that positive selection of OT-II cells does not involve
CLIP. Hence, transferring B6.OT-II cells to H2-M2 hostset al., 1993).
would deprive the cells from contact with the ligands
that led to positive selection. In this respect, the notablePositively Selecting Peptides Promote Prolonged
T Cell Survival finding was that, in marked contrast to DO11 cells, trans-
ferring OT-II CD41 cells to T-depleted (irradiated) H2-M2To seek further information on the postthymic role of
positively selecting self-peptides, we studied CD41 cells hosts did not cause proliferation, and most of the cells
retained a naive CD44lo phenotype (Figure 6B). In addi-from two TCR transgenic lines, DO11 and OT-II. To mea-
sure survival, a mixture of purified DO11 and OT-II CD41 tion, the injected cells gradually disappeared (Figure
6B). This applied only in H2-M2 hosts; in control B6cells (both Thy1.21) were transferred to thymectomized
and irradiated (600 cGy) Thy1.11 H2-M2 hosts; after hosts, OT-II CD41 cells were maintained at a constant
level (data not shown).transfer, the donor CD41 cells were detected on the basis
of their separate phenotype, i.e., KJ1-261 CD41 Thy1.21
for DO11 and Va21 Vb51 CD41 Thy1.21 for OT-II. Discussion
In an H2b (normal B6) background, KJ1-261 DO11 cells
differentiate poorly (Figure 6A), perhaps reflecting partial As mentioned earlier, there is increasing evidence that
the survival of mature T cells requires continuous post-negative selection, and the few cells generated have an
activated (CD44hi) phenotype (data not shown). On a thymic contact with self-MHC molecules. Since most T
cells display tolerance to self-MHC molecules, the cur-B6.H2-M2 background, however, KJ1-261 DO11 cells
differentiate well (Figure 6A), have a naive phenotype, rent assumption is that peripheral contact with these
Immunity
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Figure 5. Capacity of B6 versus H2-M2 CD41
Cells to Proliferate in T-Deficient H2-M2
Hosts
(A) Small doses (2 3 106/mouse) of CFSE-
labeled or unlabeled purified donor B6.Ly5.1
CD41 cells were i.v. injected into groups of
irradiated (600 cGy) H2-M2 mice and H2-M1
littermates; the phenotype of the injected
cells is shown at the top. The H2-M2 host
mice, which originated from a (B6 3 129)F2
(H2b) background, were backcrossed six
times to B6. Recipients injected with CFSE-
labeled cells were analyzed 8 days later by
staining LN cells for Ly5.1 and CD4; CFSE
levels on gated donor cells are shown in the
left column. For CD44 expression, hosts in-
jected with unlabeled cells were analyzed 1,
8, and 16 days later by staining for Ly5.1,
CD4, and CD44; data for CD44 expression on
gated donor CD41 cells and Ly5.1 versus CD4
expression on all LN cells on day 8 are shown
in the middle. The graph (far right) shows the
total numbers of donor cells recovered in
pooled LN plus spleen from the H2-M2 and
H2-M1 hosts on days 1, 8, and 16.
(B) CFSE-labeled or unlabeled mixtures of pu-
rified B6.Ly5.1 (2.3 3 106) and H2-M2 (Ly5.2)
CD41 (1.7 3 106) cells (both Thy1.21) were i.v.
injected into a group of irradiated (600 cGy)
H2-M2.Thy1.1 hosts. H2-M2.Thy1.1 mice
were obtained by backcrossing H2-M2 mice
in a (B6 3 129)F2 background twice to B6.PL.
To prevent possible rejection of donor cells,
we used adult thymectomized hosts pre-
treated with anti-CD8 and anti-NK1.1 mAbs
for 3 days starting 1 week prior to donor cell
injection. Hosts injected with unlabeled cells
were analyzed on 1, 7, 15, and 35 days later
by staining LN and spleen cells for Thy1.2, Ly5.1, and CD44. The data show donor Thy1.2 versus Ly5.1 expression as dot plots on pooled
LN cells on days 1 and 15 (top right); CD44 expression on the donor cells at these same time points is shown in the left side. The data on
the far right show the ratio of the two donor cell populations recovered from host LN. The graph (bottom right) shows the total numbers of
the two donor cell populations recovered from pooled host LN plus spleen at all time points. Recipients of the CFSE-labeled cell mixture
were analyzed on day 15 by staining LN cells for Thy1.2 and Ly5.1; CFSE levels on the two donor cell populations are shown (bottom row).
All of the data are representative of or means of 2±3 mice analyzed individually; a separate experiment showed similar results.
molecules plus various self-peptides provides a covert the injected donor T cells but also to residual host T
cells (data not shown). In addition, proliferation of resid-(low-level) signal that somehow promotes T cell survival.
Here we report the surprising finding that the subtle ual host T cells in T-depleted mice was not dependent
on adoptive transfer of exogenous T cells. Thus, in B6effects of mature T cell contact with self-MHC/peptide
ligands change dramatically when the total size of the mice that were thymectomized and irradiated, similar
levels of host T cell expansion was observed 3±6 monthsT cell pool is reduced. Under these conditions, self-
MHC/peptide complexes become overtly immunogenic later irrespective of whether the mice were or were not
injected with small numbers of syngeneic T cells (dataand induce residual T cells to proliferate and upregulate
activation markers such as CD44. Based on studies with not shown).
In the case of normal nontransgenic T cells, we calcu-H2-M2 mice, this proliferative response to ªselfº appears
to be directed to the particular MHC-associated self- lated that cell transfer into 600 cGy irradiated hosts
induced about 30% of the starting populations of naivepeptides that led to initial positive selection in the thy-
mus; whether the proliferative response to self also in- CD41 and CD81 cells to undergo one or more rounds of
cell division by 7±8 days post transfer. Why this apparentvolves other factors, e.g., cytokines, is still unclear.
It is important to emphasize that proliferation of T breakdown in self-tolerance applies to some naive T
cells but not others, however, is unclear. In this respect,cells in syngeneic T-depleted hosts is not due to an
artifact from irradiation or from adoptive transfer of ex- it is notable that proliferation of naive TCR transgenic
T cells in T-depleted hosts was conspicuous for someogenous T cells. Thus, T cell proliferation was seen not
only in irradiated hosts but also in hosts that were consti- lines (2C, P14) but almost undetectable for others (HY,
OT-II); for the latter, the complete lack of proliferationtutively T deficient (TCRa2 mice) or depleted of T cells
by methods that did not involved irradiation (injection of TCR clonotypic1 (T3.701) HY T cells in syngeneic
(female) irradiated hosts is in agreement with the find-of opsonizing anti-Thy1 mAb). Moreover, in all of the
mice (including H2-M2 mice) treated with irradiation or ings of other workers (Rocha and von Boehmer, 1991).
To explain these results with TCR transgenic mice, ouranti-Thy1 mAb, T cell proliferation applied not only to
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working hypothesis is that the propensity for mature T
cells to proliferate in T-depleted hosts may be a reflec-
tion of the relative TCR affinity for the self-peptides in-
ducing positive selection. Thus, for proliferation-prone
T cells, e.g., 2C CD81 cells, the affinity of TCR/peptide/
MHC interaction that induces positive selection of these
cells could be relatively high, thus causing 2C cells to
be comparatively sensitive to subsequent contact with
the positively selecting ligands in the periphery. Con-
versely, for proliferation-resistent T cells, e.g., HY CD81
cells, positive selection may be driven by low-affinity
peptides, thereby making the cells relatively refractory
to these peptides in the periphery. Alternatively, the data
could reflect that some positively selecting self-peptides
are expressed at a higher level in the periphery than in
the thymus, or vice versa.
In considering these and other explanations, it is strik-
ing that despite being a monoclonal population, only
a proportion of TCR transgenic T cells proliferated in
T-depleted hosts. Thus, with transfer of 2C CD81 cells,
about 25% of the injected cells underwent one or more
rounds of cell division over 7 days, whereas the remain-
der did not divide. Such apparently stochastic entry
into cell cycle implies that signaling of T cells through
postthymic contact with self-MHC/peptide complexes
is normally very close to the threshold required for overt
cell activation: T depletion lowers this threshold slightly,
thus favoring activation.
How T depletion enhances T cell sensitivity to self-
MHC/peptide ligands is unclear. A priori, there are at
least two possibilities. First, the lack of T cell prolifera-
tion under normal (T sufficient) conditions may reflect
that T cells are continuously subjected to inhibitory sig-
nals from neighboring T cells that serve to limit the sensi-
tivity of T cells to TCR/self-MHC/peptide interaction.
Second, by reducing ªcongestionº around APC, T deple-
tion may allow residual T cells to engage in more pro-
longed (or more frequent) contact with APC, thus en-
Figure 6. Differential Capacity of DO11 and OT-II Transgenic T Cells hancing contact with self-MHC/peptide. Whatever the
to Proliferate and to Survive in H2-M2 Hosts explanation, it is striking that in large numbers, only T
(A) LN cells from BALB/c.DO11 and B6.OT-II transgenic mice back- cells and not B cells inhibited proliferation of CFSE-
crossed to either a B6 or an H2-M2 (H2b) background were double labeled T cells and that the inhibitory influence of T cells
stained for TCR clonotype (KJ1-261) versus CD4 for DO11 and for
was partly CD4/CD8 subset specific (Figure 1B).Vb5 versus CD4 for OT-II T cells. For B6.OT-II mice, .99% of Vb51
Since typical proliferative responses to foreign anti-cells were Va21; for H2-M2.OT-II mice, by contrast, ,0.1% of Vb51
gens require costimulation by CD28 and other costimu-cells were Va21.
latory/adhesion molecules (Sperling and Bluestone,(B) Small doses (2 3 106) of CFSE-labeled or unlabeled cells compris-
ing a mixture of purified CD41 cells from B6.OT-II and H2-M2.DO11 1996), one might expect the same to apply to the anti-
mice were injected into a group of irradiated (600 cGy) H2-M2.Thy1.1 self-proliferative responses reported here. Curiously,
mice; hosts were treated (as in Figure 5B) to prevent rejection of this may not be the case. Thus, in preliminary experi-
donor cells. We calculated that each host received 0.6 3 106 OT-II, ments we have found that proliferation of naive T cells
0.5 3 106 H2-M2.DO11, and 0.9 3 106 nontransgenic CD41 cells.
in T-depleted hosts is as marked with CD282 T cells asSeparate staining showed that for OT-II cells, .99% of Vb51 cells
with normal T cells, implying that the response may bewere Va21. Recipients of unlabeled cells were analyzed 1, 8, 15,
largely costimulation independent.and 35 days later by staining LN and spleen cells for Thy1.2, CD4,
Vb5, and Va2 for OT-II cells and for Thy1.2, CD4, and KJ1-26 for Thus far, our evidence that T cell proliferation/survival
DO11 cells. Levels of CD44 on gated transgenic T cells at days 1 in T-depleted hosts is directed to the particular MHC-
and 8 are shown; CD44 expression was detected by staining for associated peptides that induce positive selection rests
Thy1.2, CD4, Vb5, and CD44 for OT-II cells and for Thy1.2, CD4, on studies with CD41 cells. Here, the key finding is that
KJ1-26, and CD44 for DO11 cells. The graphs at the bottom show
normal CD41 cells (cells undergoing positive selectionthe total numbers of the two transgenic T cell populations recovered
to multiple self-peptides) underwent only very limitedfrom pooled LN plus spleen at the times shown. Hosts injected with
proliferation in T-depleted H2-M2 hosts, i.e., mice ex-CFSE-labeled donor cells were analyzed on day 15 by staining for
pressing only a single peptide, CLIP. Similarly, B6.OT-Thy1.2, CD4, and Vb5 for OT-II cells and for Thy1.2, CD4, and KJ1-
26 for DO11 cells; the data show CFSE levels on gated OT-II and II CD41 cells (cells undergoing positive selection only
DO11 cells (middle row). Data are representative of or means of 2±3 in a B6 and not an H2-M2 background) failed to prolifer-
mice analyzed individually. One other experiment showed similar ate in irradiated H2-M2 hosts and gradually disap-
results. peared. By contrast, CD41 cells that did undergo posi-
tive selection in an H2-M2 background, i.e., CD41 cells
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(GIBCO±BRL) mAbs followed by Cy5-conjugated streptavidin (Jack-from H2-M2 or DO11.H2-M2 mice, survived and prolifer-
son ImmunResearch). B6.Ly5.1 donor cells were detected by doubleated well in irradiated H2-M2 hosts. Although there is a
staining with PE-conjugated anti-CD4 plus Cy5-conjugated anti-concern that self-peptide expression on H2-M2 class II
Ly5.1 mAbs (A20-1.7) (Shen, 1981). Cells from mice injected with a
molecules may not be totally restricted to CLIP (Grubin mixture of purified B6.Ly5.1 and H2-M2 CD41 cells were double
et al., 1997), in preliminary experiments we have ob- stained with Cy5-conjugated anti-Ly5.1 plus biotinylated anti-Thy1.2
mAbs followed by PE-conjugated steptavidin (GIBCO±BRL). CD44served similar results with AbEpA2Ii2 transgenic mice
levels on donor B6 Ly5.1 CD41 cells were detected by triple staining(Ignatowicz et al., 1996). In these mice, virtually all class
with FITC-labeled anti-Ly5.1, Cy5-conjugated anti-CD4, and PE-II molecules are thought to express a single peptide (an
conjugated anti-CD44 (Pharmingen) mAbs; for the mixture of purifiedEa peptide). Thus, B6 CD41 cells failed to proliferate in
B6.Ly5.1 and H2-M2 CD41 donor cells (both Thy1.21), host cells
irradiated AbEpA2Ii2 mice, whereas AbEpA2Ii2 CD41 were triple stained with FITC-labeled anti-Ly 5.1, PE-conjugated
cells proliferated well in irradiated AbEpA2Ii2 hosts (data CD44, and Cy5-conjugated anti-Thy1.2 mAbs. The mixture of puri-
fied OT-II and DO-11 CD41 donor cells were detected by four-colornot shown).
staining with FITC-conjugated anti-Va2 (Pharmingen), PE-labeledThe data reported here, together with the recent com-
anti-Vb5 (Pharmingen), Cy5-labeled KJ1-26, and biotinylated anti-parable data on CD41 cells by Viret et al. and on CD81
Thy1.2 mAbs followed by R670-conjugated steptavidin (GIBCO±cells by Goldrath and Bevan (Goldrath and Bevan, 1999
BRL). For CFSE analysis of these cells, aliquots of the cells were
[this issue]; Viret et al., 1999), support the view that the triple stained for PE-labeled anti-Vb5, Cy5-conjugated KJ1-26, and
peptides inducing positive selection in the thymus play biotinlyated anti-Thy1.2 mAbs followed by R670-conjugated strep-
tavidin. Separate staining showed most of the Vb51 Thy1.21 cellsa crucial role in maintaining T cell survival and homeo-
were Va21.stasis in the periphery. If so, the physiological ªneedº
for positive selection may need to be revised. Currently,
positive selection is thought to be required for tailoring Acknowledgments
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